Purpose: The intersubject variations in bone phosphorus-31 ( 31 P) T 1 and T Ã 2 , as well as the implications on in vivo 31 P MRI-based bone mineral quantification, were investigated at 3T field strength.
Purpose: The intersubject variations in bone phosphorus-31 ( 31 P) T 1 and T Ã 2 , as well as the implications on in vivo 31 P MRI-based bone mineral quantification, were investigated at 3T field strength.
Methods:
A technique that isolates the bone signal from the composite in vivo 31 P spectrum was first evaluated via simulation and experiments ex vivo and subsequently applied to measure the T 1 of bone 31 P collectively with a spectroscopic saturation recovery sequence in a group of healthy subjects aged 26 to 76 years. T Ã 2 was derived from the bone signal linewidth. The density of bone 31 P was derived for all subjects from 31 P zero TE images acquired in the same scan session using the measured relaxation times. Test-retest experiments were also performed to evaluate repeatability of this in vivo MRI-based bone mineral quantification protocol.
Results: The T 1 obtained in vivo using the proposed spectral separation method combined with saturation recovery sequence is 38.4 6 1.5 s for the subjects studied. Average 31 P density found was 6.40 6 0.58 mol/L (corresponding to 1072 6 98 mg/ cm 3 mineral density), in good agreement with an earlier study in specimens from donors of similar age range. Neither the relaxation times (P 5 0.18 for T 1 , P 5 0.99 for T Ã 2 ) nor 31 P density (P 5 0.55) were found to correlate with subject age. Average coefficients of variation for the repeat study were 1.5%, 2.6%, and 4.4% for bone 31 P T 1 , T osteoporosis from osteomalacia. The former is characterized by loss of bone volume, with the remaining bone tissue properly mineralized, whereas in the latter case the osteoid is poorly mineralized even if the total volume may be normal. Of note is that current x-ray-based densitometric techniques are unable to make this clinically important distinction. Both conditions are common in older people, but the treatment of the 2 disorders is very different.
The practicality of accurate quantification of collagenbound water (usually referred to as bound water) has been demonstrated by several laboratories. 4, 9, 10 Quantification of mineral phosphorus by MRI in live human subjects, however, is far more difficult, although its feasibility has been reported recently. 4 Detection sensitivity scales as the ratio of T 2 /T 1 ($10 -5 for 31 P in apatite-like solids such as bone mineral), which is compounded by the 31 P nucleus' smaller gyromagnetic ratio (g 31P /g 1H 5 0.401), lowering achievable SNR by another order of magnitude. 11 Further, quantification requires co-imaging a density calibration sample containing, for example, synthetic calcium hydroxyl apatite. Because the T 1 of the reference sample differs from that of bone, a signal intensity correction is needed to account for the differences. Thus, accurate knowledge of the 31 P relaxation properties of the bone is required to derive its density. 31 P T 1 relaxation in bone mineral is dominated by dipole-dipole relaxation with nearby protons, most likely crystal water or the hydroxyl ion. The relaxation rate (1/T 1 ) is proportional to the product of the squares of the gyromagnetic ratios of the interacting spins ( 1 H and 31 P) and inversely proportional to the sixth power of the internuclear distance. It is the relative remoteness of nearby protons and their scarcity that renders this mechanism relatively ineffective. Nevertheless, as shown previously at 3T, 80% of the relaxation rate is governed by 1 H-31 P dipole-dipole interaction, as determined by deuterium exchange of the labile protons. 12 On the other hand, the transverse relaxation rate (1/ P T 1 at 3T in 2 subjects by means of a progressive saturation method, 1 spectroscopically (i.e., nonspatially resolved) and the other using a low-resolution image-based method, reporting values of 17 and 19 s, respectively. 15 The much longer values found at 3T suggest a strong field dependence, which was studied systematically more recently P would make reliable image-based T 1 measurements prohibitively long. For this reason, a spatially nonselective spectroscopy-based method was implemented.
The SR spectroscopic sequence used starts off with a saturation (SAT) block to saturate the 31 P spins (Figure 1) . Each of the 12 SAT pulses is followed by a spoiler gradient to enhance saturation and reduce echo formation using multiple gradient orientations. 3 After a SR delay (TSR), a FID is collected. TSR is stepped from 1 acquisition to the next to sample the T 1 recovery process. could be achieved at 120 ls pulse duration, which is less than 31 P T 2 in bone mineral. This flip angle was used for both saturation and excitation.
Bloch equation simulations show that 12 608 constantphase RF pulses can achieve > 99.5% saturation for 31 P from both bone and metabolites. Signal was acquired 20 ls after excitation with a dwell time of 4 ls, and a total of 4096 data points were collected; however, the first 8 points affected by coil ringing during transmit/receive switching were removed before reconstruction.
Whole-volume spectroscopy with short nonselective RF pulses was indicated to capture the short, low-SNR 31 P signal. However, this approach entails 2 potential problems: First, because the signal is the integral over the entire sensitivity region of the transmit/receive coil,
31
P signal from all tissues is detected, not only from bone. As demonstrated in Figure 2 , 31 P peaks from muscle metabolites are superimposed on the broad bone spectrum. Accurate measurement of bone phosphorus requires proper isolation of the bone peak from all other phosphorus signals. Second, whole-volume measurement is sensitive to B 1 inhomogeneity, which could adversely affect saturation. Both issues were investigated via simulation as well as experimentally.
| Isolation of the bone

P spectrum
In order to separate the bone spectrum from the composite signal shown in Figure 2 , a spectral subtraction method was used, yielding 2 spectra at each TSR during postprocessing. Removal of the first 150 data points (corresponding to fastdecaying bone signal) from each FID results in a spectrum dominated by the much narrower metabolite signal components (Spec_Metabolite). The other spectrum was generated after removing 150 points from the end of the original FID, resulting in a composite spectrum consisting of both bone and metabolite peaks (Spec_Total). In this manner, both FIDs have the same number of data points. After appropriate phase correction (both 0th and 1st order), subtraction between the real parts of the 2 spectra yielded the bone 31 P spectrum (Spec_Subtract). Subsequently, the bone 31 P spectrum from each TSR was fitted to a Lorentzian. The processing steps are schematically illustrated in Figure 3 . The total peak area is then fitted to the 3-parameter model to estimate T 1 (Equation 1):
where S 0 is the equilibrium signal of bone 31 P; Q represents the proportion of unsaturated 31 P spins in bone following the SAT pulses, which should ideally be 0 for a perfect saturation; and N is noise. T Ã 2 of bone 31 P was estimated as 1/ (p 3 FWHM), for which FWHM is the FWHM of the fitted Lorentzian. Although chemical shift anisotropy and homonuclear and heteronuclear scalar coupling are expected to cause deviations from Lorentzian line shape, 16 we found the latter to be a reasonable approximation. Lastly, the Lorentzian conforms to the concept of T Ã 2 as the time constant for monoexponential decay.
| Simulation
Simulation experiments were carried out to investigate the accuracy of the proposed T 1 measurement method in the presence of 31 P-containing metabolites. Based on the in vivo 31 P spectrum observed both in this study as well as in the literature, 17 5 31 P sources from metabolites-a-adenosine triphosphate (ATP), b-ATP, g-ATP, PCr, and Pi-were considered. Chemical shifts of the metabolites were measured in vivo, whereas relaxation properties are based on values reported previously by Meyerspeer et al. 18 T 1 and T consisting of a saturation block of 12 120-ls 60 8 hard pulses, 2 ms apart, each followed by a spoiler. Spoilers are applied along different orientations for optimal de-phasing. 3 After a delay of TSR, signal is excited with another 120-ms 60 8 hard pulse and an FID is acquired at 250 kHz bandwidth. For further details, see section 2.1.
SAT, saturation; SR, saturation recovery; TSR, a saturation recovery delay.
F IGUR E 2 In vivo 31 P spectrum obtained from the calf of a healthy subject at 3T. The broad peak corresponds to the 31 P in bone mineral, whereas the superimposed narrow peaks are from muscle metabolites. bone and muscle in the lower leg measured from conventional 3D gradient echo (GRE) images of 4 healthy subjects were used to estimate the proportions of bone and metabolites in the total signal. The simulation also incorporated B 1 field inhomogeneity along the z-axis (where most variation is expected for nonselective whole-volume measurements). The volume coil used is of a fixed birdcage design, with an inner diameter of 17.6 cm that is large enough to pass the foot through. It consists of 2 concentric-element coils, tuned to 1 H and 31 P, respectively. The 2 coils have the same physical size and number of rungs (8) , with the 2 sets rotated relative to each other by 22.5 8. Therefore, the B 1 fields of the 2 coils are expected to have similar characteristics. Because it is difficult to map the B 1 of the 31 P channel due to the inherently low SNR, the proton channel of the dual-frequency coil was used for B 1 mapping, which was accomplished with the Bloch-Siegert technique 19 by means of a homogeneous doped water phantom. Because the phantom was not sufficiently long to cover the entire sensitivity region of the coil, the measured B 1 profile was fitted to a Gaussian function to estimate B 1 in the missing outermost regions. Receive sensitivity (B 2 1 ) was assumed to be the same as transmit B 1 (B 1 1 ) from the principle of reciprocity as the same birdcage structure was used for both transmission and reception. Parameters of the simulated SR sequence were the same as described above.
| Ex vivo validation
For further validation, 2 sets of ex vivo experiments were performed on a 3T (49.9 MHz) TIM Trio system (Siemens Medical Solutions, Erlangen, Germany) with the 1 H/ 31 P dual-frequency coil. The first experiment was aimed at investigating the effect of inhomogeneous B 1 on the accuracy of T 1 measurements. 4 lamb tibiae (with soft tissue and articular cartilage removed) were cut into small sections of approximately 5 cm length, and T 1 and T Ã 2 were measured with 2 different specimen placements: 1) all bone fragments were positioned within about 5 cm from the coil center, at which location the flip angle should be close to the nominal value; and 2) the fragments were evenly distributed 6 20 cm along the coil axis, which represents the entire sensitive region of the coil (Figure 4a ), in order to cover the range of flip angles from the nominal value to near 0. In the second experiment, the performance of the proposed method for bone signal isolation was evaluated. To this end, a lamb hind leg, including femur, tibia, and surrounding muscles, was scanned in 2 different ways. T 1 and T Ã 2 measurements were first done with soft tissue intact and the scan centered at the tibial midshaft. This measurement was repeated for 4 times with repositioning each time to test repeatability. Subsequently, the surrounding soft tissues (mostly muscle) were removed and the femur and tibia were harvested. The relaxation times of the 2 specimens were measured separately, with the specimen aligned along the long axis of the coil. Each bone was scanned 3 times with repositioning. These measurements were carried out within 24 hours of soft tissue removal, and caution was taken to maintain the hydration level of the bone during storage as well as the experiment. All specimens were collected from freshly slaughtered animals from the local market. BMI < 30) were recruited under an institutional review board-approved protocol. For each subject, the left midtibia (centered at 38% of tibia length from medial malleolus, where the cortical bone is the thickest 3 ) was imaged with the same MRI system and coil used for the ex vivo experiment. After localization, 31 P transmit power was calibrated manually by incrementing the flip angle and maximizing the equilibrium calf muscle phosphocreatine signal. 4 Next, the SR-prepared spectroscopic sequence described above was applied to measure T 1 of bone 31 P. 3D 31 P images were subsequently acquired with a custom-designed ZTE-pointwise encoding time reduction with radial acquisition (PETRA) pulse sequence. 4 The 31 P ZTE-PETRA sequence was optimized for the experimentally observed relaxation parameters. Initial test scans in the tibia indicated an approximate bone 31 P T 1 of around 35 s; therefore, flip angle was set to the Ernst angle of 5.3 8 (16-ls hard pulse) for a 150 ms TR. Sampling frequency bandwidth was 125 kHz, filling 3D spherical kspace with 8000 spokes and 895 single point acquisitions (PETRA radius 5 6; hence, the effective TE was dwell time 3 PETRA radius 5 48 ls), resulting in a total scan time of 22.5 min. An FOV of (250 mm) 3 was prescribed, and 50 points along each spoke were acquired for reconstruction, leading to a nominal isotropic spatial resolution of 2.5 mm. Additionally, a 1 H image at the same location was also acquired with the manufacturer's 3D GRE sequence. From this, the tibial cortex was segmented using ITK-SNAP. 20 to derive the bone volume, which was used for 31 P density calculation. Aside from the localizer and the 3D GRE sequence, all custom sequences were implemented in SequenceTree. F5f xy Á 12e
| In vivo
f xy , f z are the mapping functions that describe the response of the magnetization to a constant-amplitude RF pulse, applicable when the pulse width s is comparable to or less than T 3, 4 and, under some conditions, also those of bone water constituents. 23 To investigate repeatability, the above protocol was performed 3 times in 3 of the 10 subjects, with repositioning between scans. Coefficients of variation were calculated for cortical bone volume estimated from ITK-SNAP segmentation, relaxation times, and density of bone 31 P for each of the 3 test-retest subjects. 
| R ES ULT S
| Simulation
The B 1 1 field of the coil along its axis, measured by the Bloch-Siegert phase shift method 19 and the fitted Gaussian function, is shown in Figure 4a . Figure 4b depicts the simulated saturation profile for various 31 P-containing species in the presence of such B 1 inhomogeneity following the 12-pulse SAT module of the SR sequence. Due to the gradual decrease in the strength of the transmit field toward the edges of the coil, the saturation profile is characterized by a relatively large transition band (shaded area). As a result of its much shorter T 2 , which causes the flip angle to deviate from the nominal value, 24 the bone has a narrower full saturation region than that of the metabolites. Figure 4c shows the simulated profile of the received bone 31 P signal strength as a function of spatial location for different TSRs. It is worth noting that, although saturation is incomplete toward the edges of the coil due to rapid B 1 field drop-off, the contribution from the unsaturated spins is small because of the low coil sensitivity in those regions (Figure 4c) . Figure 5a shows the simulation results of the effects of metabolite signal fraction on the bone phosphorus relaxation times computed using the proposed spectral separation method and taking into account the B 1 inhomogeneity along the coil axis. T 1 is increasingly underestimated with increasing fraction of metabolite 31 P in the total signal, whereas T Ã 2 is overestimated. If 15% of the total signal were to arise from metabolites, the error in T 1 and T Ã 2 would be approximately 210% and 124%, respectively. According to Figure 5b , which plots the error in quantified [ 
| Ex vivo validation
In the ex vivo experiment that investigated the effect of B 1 inhomogeneity on relaxation measurement, the T 1 and T Ã 2 were 26.7 s and 167.7 ls when all the lamb tibiae fragments were placed near the coil center. When the fragments evenly spanned the entire coil sensitivity region along its long axis, T 1 and T Ã 2 were found to be 25.1 s and 173.6 ls, respectively. In the second ex vivo experiment that evaluated the impact of presence of soft tissue, the T 1 and T Ã 2 of bone were 27.3 6 0.6 s and 229.6 6 1.5 ls, respectively, in the presence of surrounding soft tissue. After soft tissue removal, T 1 and T Ã 2 of tibia were measured to be 28.2 6 0.8 s and 170.9 6 0.8 ls, respectively, whereas those of femur were 26.7 6 0.3 s and 168.7 6 1.0 ls, respectively.
| In vivo
31 P measurement and 31 P quantification Figure 6 illustrates the T 1 estimation using the proposed spectral separation method from an SR spectroscopic data set of 1 subject. Figure 7 displays structural GRE images acquired from 3 subjects as well as the segmented tibia using ITK-SNAP for computing cortical bone volumes. Phosphorus images used for [ Given the similarity in relaxation times across the 10 subjects, 31 P concentrations were also computed using 
population-averaged T 1 and T
Ã 2 values, resulting in an average difference of about 2.4% compared to values computed using individually measured relaxation times. Because the muscle-to-bone ratio is expected to be largely invariant (e.g., Ref. 25 ), a retrospective correction of the derived 31 P concentration, which accounts for the metabolite fraction, can also be applied. It is preferable, however, to apply the correction to the relaxation constants because the apparent 31 P concentrations are pulse sequence-dependent (Equations 2 and 3). Doing so based on the 92.5% average bone 31 P fraction for the study group yielded T 1 and T Ã 2 errors of about 24.3% and 110.5%, respectively, resulting in a 31 P density error of approximately 4.6%. Relaxation times corrected for this error, as well as 31 P concentrations calculated using an average of the corrected T 1 and T Ã 2 values, are given in Table 1 as well. None of the parameters-[ 
| D IS C US S I ON
The present work sheds some light on the question of whether bone mineral 31 P T 1 and T Ã 2 need to be measured individually to ensure quantitative accuracy in the measurement of phosphorus mineral density by solid-state MRI techniques or whether the use of global averages is adequate for quantification. The data obtained in the present work in the tibial cortex of 10 healthy test subjects, ranging in age from 26 to 76 years, suggest only minimal intersubject variations without a dependence on subjects' age or gender ( Table 1) .
The measurement of the relaxation times, in particular T 1 , was found not to be entirely straightforward. An imagebased measurement, consisting of an appropriate SR preparation module preceding the ZTE excitation and readout, would be desirable because it would provide the spatial dependence of relaxation times. However, such an approach is entirely impractical due to excessive scan times. We therefore elected a spectroscopic approach forgoing spatial selectivity, an approach previously chosen by Seifert et al. for T 1 quantification in human specimens. 3 The loss of spatial selectivity, 1 could argue, is acceptable given the systemic nature of most degenerative bone disorders. However, the presence of major muscle groups in the tibia poses unique challenges to the measurement of bone 31 P T 1 in vivo. The spectrum is a superposition of the spectra from bone and muscle phosphorus metabolites, and although the latter are far lower in concentration than mineral phosphate, this disparity is partially offset by the muscles' much larger volume. In vivo concentrations of 3 main 31 P-containing metabolites -PCr, Pi, and ATP-are approximately 33, 4.5, and 8.2 mM, respectively, in human calf muscle. 17 Average cortical bone 31 P concentration reported by Seifert et al. 3 was 6.74 6 1.22 mol/L in the tibial cortex of 16 donors, covering the entire adult age range. These data, along with muscle and bone volumes estimated by standard GRE imaging in all 10 subjects, suggest that tibial bone phosphorus accounts for > 90% of total amount of 31 P present in vivo at the tibial location. However, the much greater visibility of the metabolite signals, given their 31 P signal linewidths being at least 2 orders of magnitude lower than those of the phosphate resonances from bone, 18, 26 means that their contributions to the total signal cannot be ignored. Here, the authors made use of the large differential in T Ã 2 between the 2 31 P species and thus the lifetime of their FIDs for their separation. Another issue examined is the effect of RF inhomogeneity in the nonspatially selective measurement as the B 1 field falls off in axial direction from the center toward the coil boundaries, which raises the question as to the effectiveness of saturation of spins in more distant locations. However, the data obtained by both simulation and experimentally show that the 12-pulse saturation train is effective across a large range of excitation flip angles as they occur along the coil axis, yielding accurate T 1 and T Ã 2 values in the absence of metabolites.
With bone comprising > 90% of the total signal, T 1 and T Ã 2 errors are limited to about 6% and 15%, respectively (Figure 5a) . The underestimation of T 1 and overestimation of T Ã 2 both lead to lower computed phosphorus density. Because ZTE-PETRA is essentially a steady-state GRE sequence (Equation 3), and therefore inherently T 1 -weighted, lower computed T 1 translates into a higher calculated steady-state signal level (F bone in Equation 2), and therefore lower estimated 31 P density, which scales as the ratio of observed image intensity to its predicted steady-state value. Overestimated T Ã 2 , according to Equation 2 (due to the exponential term), will also translate into lower computed 31 P density. Several observations are worth noting from the specimen experiments. First, the very similar values of T 1 and T obtained from the 2 arrangements of tibia specimens confirm the simulation results, indicating that relaxation measurements are relatively insensitive to B 1 inhomogeneity. The likely reason for this finding is that, although inhomogeneous transmit fields cause imperfect saturation, the unsaturated spins have relatively small contribution to the total detected signal due to lower coil sensitivity in those regions. This holds true as long as the same coil is used for both transmission and reception, due to the principle of reciprocity, as it applies to the birdcage coil used. The close agreement As noted above, the variation of T 1 across subjects (age range 5 26-76 years) observed in this study is unexpectedly small (38.4 6 1.5 s), a result suggestive of little variation in chemical makeup of the mineral over adult life. In fact, as noted above, there was no T 1 versus age correlation. This finding is consistent with the relatively small variation in T 1 for a group of 16 tibia specimens from donors aged 27 to 97 years (96.7 6 10.8 s measured at 7T), in which T 1 -age correlation also was not found. 3 These observations indicate that relaxation measurements for bone 31 P quantification may be unnecessary. In addition, group average [ 29 mol/L found in the group of subjects for that study was likely an underestimation based on the relaxation data of the current study.
The absence of an association with age of the 31 P mineral density is unexpected but likely due to limited power with N 5 10 subjects (despite the intentionally chosen relatively large age range). Interestingly, an earlier ex vivo study of midtibia specimens (N 5 16) from donors aged 27 to 97 years showed the expected negative correlation of MRmeasured bone phosphorus density with age (R 2 5 0.39, P < 0.05). 3 However, when specimens of donors aged > 76 years are removed from their analysis, significance disappears (N 5 11, R 2 5 0.14, P 5 0.26). Thus, it is likely that an age dependence of phosphorus density would be observed for a greater number of study subjects or by expanding the age range. Previously, Wu et al. performed both spectroscopic and image-based 31 P T 1 measurement of the bones in the wrist in vivo at 3T. In their experiment, the steady-state 31 P signal was acquired by progressively increasing TR (0.5, 1, 2, 3, and 5 s). A T 1 range of 17 s to 19 s was reported in 2 healthy subjects, which is about half the value found in the current work (average of 38.4 s in 10 subjects). In contrast, ex vivo experiments by Seifert et al., T 1 of 31 P in lamb tibia yielded 26 s and 66 s at 3T and 7T, respectively, whereas T 1 of 31 P in the human tibia was found to be 96.7 s at 7T. 3, 12 Because the T 1 of human bone is longer than that of lamb bone at 7T, it is reasonable to expect a qualitatively similar relation at 3T. Therefore, our value of 38.4 s is likely to be more accurate (> 26 s). There are several possible reasons for the disparity with our data: First, their spectroscopic measurement might have been affected by metabolite signal (Figure 5a ), although the fraction of soft tissue is much less in the wrist than in the calf. Second, the relatively narrow range of TRs used, in particular the lack of a value close to equilibrium (2-3 times T 1 ), is well known to underestimate T 1 with the progressive saturation technique, although an image-based measurement should be relatively immune to metabolite interference.
| C ONCL US I ON
Quantification of bone 31 P concentration is critically dependent on T 1 and T Ã 2 , which were measured in vivo in the tibia at 3T field strength. The results show the 2 parameters to vary insignificantly across the adult age range, therefore obviating the need for subject-specific measurements.
